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ABSTRACT

Pyrolytic aluminum nitride has been deposited on refractory

electrical conductors using AcIl3"NH as the source material., Effects

which pressure, temperature and rate of deposition have on electrical

and other properties of deposits have been determined. Density of de-

positeA coatings approach that of the calculated value. However, they

still contain residual chlorine, causing electrical properties to fall

short of what is expected of dense high purity AIN.

Pyrolytic silicon nitride has been ;arnpared from gasecus mix-

tures of silane and ammonia under varying condi -ions of temperature and

pressure. Alherent, relatively soft, amorphous films have been deposited

on substrates heated in the 7000 to 800oC range while hard crystalline

coatings of Cl -Si3N4 have been obtained in the vicinity of 12500C.

S.Coatings, which are both hard and amorphous, have been deposited at
-,ý10000 C and have been charqcterized by a number of techniques.

High temperature dielectric property tests of aluminum and

silicon nitrides have indicated good high temperature resistivities with

some samples, but considerable variability existed among samples. Mea-

surements or aluminum nitride in particular, b:Xve indicated the presence

of impurity conduction. Silicon nitride coatings seem to demonstrate more

consistently high •esistlvities which make this material a potentially

useful dielectric at 8000 to 10000 0 at low voltages.

Studits of t'b conduction across gas spaces, due to thermionic

emission at high temperature, indicate this effect is very important in

high temperature insulation systems. Solid insulating barriers do not

prevent, but only modify such conduction, since the insulation surface

j is also a thermionic emitter.
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S1. IRTRODUCIMON

With the advancement of science and technology the temperature at

which electrical conductors are called upon to operate efficiently and

reliably has been increasing. So much is this so that only the higher

melting materials can be considered for some projected high temperature

applications. Possible conductors for very high temperature use are

molybdenum, tungsten, platinum and graphite. As with ordinary conductors

these, too, must be provided with an effective electrical insulation.

This insulation must of course have adequate thermal atability and elec-

trical properties at t1e intended high use temperatures (,'- 11000C) of

the refractory conductors. Added to these requirements is the formidable

one of being able to completely seal the conductor, thereby protecting it

from air or other atmospheres with which it reacts at its contemplated

use temperature.

Two materials, which fron an examination of their bulk properties,

aplxpar to'be potentially affective high temperature electrical inouletors

are aluminum and silicon nitrides. The chemical resistance of these nitrides

is ve.-y good, being essentially unaffected by concentrated acids at room
temperatue. They are attacked only very slowly in boiling acids and

&I kales. Their rate of oxidation is very slow at 1100. Nhen expoe

to air at high temperature, dense adherent filva of the metal oxide form

on their surface retarding turther oxidation. The d-c resistivities of

sitered aluminumland silicor. nitrid3 bodies r-t 13000 C are reported to be

105 ,and 106 om-cm, respectively. The coeffIcient of linear expansiou

of aluminum nitride 2 in tae 1°•0l 000C range is 5-T x 10" 6/oC

wich matches fairly wall that* of molybdenum and runten. The expansion

off silicon nitride is saawhat lower, havizz a value of 2.5 x 10"6/qC in

approximtely the sea twperztu" range. As r. r-sait of this lOw thermal

exp&zsion and good thruvl cmwctivity they have excellent thermal xhockI ~ resactance.

oI
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Most of the nitride materials heartofore prepared and on which the

above properties were determined were sinterad or hot pressed structures.

Materials in this form are not readily adapted for use, or for eval'ation.,

as electrical insulation for capacitors or wire conductort. Materials for

such applications should have as low a porosity as possible, should be

essentially free of imluritiez and be in the form of films or coatings

having thickness in the mil range. To obtean such specimens, chedical

vapor deposition techniques were use• producing what has come to be known

as pyrolytic coatings. These were applied to molybdenum, tungsten, and

graphite in the form of rodsf, plates, foils or wire coils.

The effects which processing variables, such as rste and temperavure

of deposition and type of substrate, have on the properties of the deposited

film were investigated. Properties examined were the composition, crystal

structvre, miarostracture and oxidation resistance of the filme. Such

physical properties as flexibility and degree of adheui'ti o• the xllm to

the cubstrate were examined. The Umperature dependence of such electrical

properties as resistivity, breakdown strength,, dielectric constant wV! loss

factor of the coatings were determined. An effort was also made to measure

the effectiveness of the two nitrides as high temperature oxidatiln protection

coatings for molybdenum substrates.

2.

2.1 Pyrolytic Deposition of Aluminum Nitride

Aluminm nitridt powder has been prepared b,, vaporization of alminum

in a nitrogen atosphere at t peratures of 18O00 to 2000%1 and by strik-

ing a d.c. arc between high purity aluminum electrodes in nitrogen gs.2

Alium nitride has been deposited on graphite substrates by thermal de-

cmposition L AICI4,NH 8s. More recent literature describes the format:Lon

of very thi (up to 25 ucroc) film by passing gaseous ainon••a and AlClS

over hwt substrates. 5,

The present work has used tha solid, volatile, alunium chloride-

ausmi ecplex, AIIS3l1: as the starting mater+.al for the deposition of

pyrolytic alumima nitride. This,, in the earlier per. of the project, was

3%KM



prepared separately and int.-oduced in the reaction chamber oas uch but lator

work showed that it may be prepared directly in the depcosition apperatus

by ,axsing dry ammonia gas over sublimed AlClqs The apparatus is shown in

Fig. 1. It is constructed o+' quartz tubing iith Vycor Joints. Pyrolytic

deposition of aluminum nitride using AlCIs'NHf as the starting material is

represented by the equation:

-I _ 70O0-14000CAIC1 3 3 .. ..... AIN + - 1 HCI

The substrate to be coated was suspended from 2 hooks in the cap of

the apparatus by way of molybdenum or tuagston wires. it was heated to

the desired temperature by means of an external rIf. coil. Temperature

mzs measured by means of an optical pyrometer. The starting material in

the cup at the bottom of the apparatus was hea+ed, in the area of% 1500 to

3009", using a smafl heating mantle. The vapor pressure of the AIC-IsBN3

complex varies from 0.02 torr at 1600C to 760 torr at 4209C. Substratcs

coated were molybdenum, tungsten and graphite rods, plates, foils or wire

coils. Films have been deposited at substrate erangin frou

7000 to '1MOC00. Pressure during deposition has been varied from about 20

microns in a contimtously pumped system to atmospheric prtseure where a

flow of ultrapure nitrogen was 7tsd as a carrier gas. Preasure was varied

by attachment to a vacuum source and/or an inlet gas source by appropriata
valve manipulation. Variations in the temperature to wich the substrate

was heated during pyrolysis had the most significant effect on the compo-

sition and properties of deposits obtained. Variation in pressure during

deposition appeared to affect. such properties as uniformity of coating

thickness and texture of its surface.

2.1.1 Deposition of Alumium Nitride in a ContIMglZ w

First attempts to form aluminum nitride by the pyrolysie o2 AlC1I NHs

were made in a •ontiumoly puped rysti. The pros awe in theae experi-
ments maried from 20 to 250 microns wkidch dveloped from the vapor prewire

of the starting material and from by-product HCl. Bath horizwntal and

N !vtical reaction tubes were used in thes e p"rPeatem. Xoiave no cost-

s~NP
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Figs satisfactory for meaeuring electrical properties were obtained. Most

substrates vere only partially c",d and the thickness of all coatings
was very nonuniform. Occrnce of poor adhesion was more prevalent than

in coatings applied at highr pressures. Some moicbdenum rods, poorly

coated in a continuous-", pumped system containing undiluted Alcls.wgs

vapors, are shown in•g 2.

2.1.2 Deposition of Aluminmn Nitride Using Carrier Gases at

For the purpose of achieving a more effective delivery of reactant

vapors to the entire iubstrate surface, a flow of carrier gas was passed

over the heated starting mterial and then to the vicinity of the hot

substrate. Carrier gases tried wei'1 ultrapure hydrogen, ultrapure nitrogen

and mixtures of nitrogen and dry ammonia. Nitrogen was the most convenient

to use and gave results at least as satisfactory as the others. Ammonia

was added to the nitrc~g carrier gas in an effort to eliminate or reduce

chlorine contamination of aluminum nitride deposited fron AlC4. ZNH3. Hy-

drogen was examined ap a carrier gas with the same purpose in mInd. Both

nitrogen and hydrogeuwere used at the rate of 0.1 liter per minute.

Flows of both 3s emd N2 in their mixtures were varied from 0.1 to 0.3

liter per minute. The use of Ns caused increased productionf aonium

chloride *soot" which tended to clog stopcock openings; NE3  appeared to

have no effect on the chlorine content of the deposits. The chlorine con-

tent of these deposits is of the order of 0.5%. With hydrogen as the

carrier gas, reddish-gray coatings were obtained indicating partial reduc-

tion to aluminum.

The usf- of wnonia as the carrier gas suggested the preparation of

AI03gIS' in situ rather than prepar.ng it separately axd then adding it

to the depoeitimn apparatus. This vmo done by adding resublimed AlCls to

the cup of the a atus and then peaing HH3 over it before heating the

substrate. The resulting product was liquid at 1500 C and was easily

volatilized indicating that it is the 1:1 complex which is formed. No

difference was noed in -the coetings formed froa this mmueval and those

deposited using the already prepared canpl.ec.

5
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The general procedure ror the deposition of AJA using nitrogen as the

carrier gas at atmospheric pressure was to first heat-cleam the substrate

for 20 21nutes by bringing it to 15000C at a prebsure of 1 to 2. mcrons in

the deposition apparatus. The substrate was aLlowed to cool in vacuum

before the system was brought to atmospherie pressure with nitrcgen.

Starting material was then added to the cup In the U portion of the reaction

applratus. The system was alternately evacuated and flushed with nitrogen

several times before starting a 100 ml/min. flow of Ng which was allowed

to escape fron the system through a mercury bubbler. The substrate vas

brought to the desired temperature before the heating mantle became hot

enough to melt and vaporize the starting mxaterial- With the teaperatumre

of the starting material at 250-300•; moiybdenum and •un•ten rods were

completely coated with 1.5 to 3 mil films within m hz. 'Tickness of

the film over the length of 2" x 1/2" diamoter rods varied withi- i to 3

miIs. Higher starting mateaial temperatures Increased the depo•ition ratz

but also gave greater variation in thickness and roughnesL to the film.

In Fig. 3 are shown molybdenum rods coated in this manner at various suo-

strate temperatures. Because of the ready availability and relative ease

of cutting molybdenum, most of the deposition work was done with this

material rather than with tungsten. Graphite was also used as a sUib-

strate material but radial cracking of the coating waz quite commn as the

substrate cooled from deposition temperature to room tenmpeature.

2.1.2.1 Effect of Substrate Temperatiare on Properties of Aluminum Nitride

Deposited at Ajhospheric Pressure

Three embstrate temperature ranges were wxmined in studying the properties

of aluml= nitride films deposited at atmospheric pressure. These were 7oo0-800°,

30000-1l000 and 13000-15000 C. In the lowest tmperature range, smooth

p t insulating films were obtained. In the middlt temper.ture renge,

vhere most of the deposition work wax doee, heard opaque films were forned.
In the higher part of the l3O°C-150O0 range, either nothing deposite;- or

that .vhich did,ws in the form of beads which made only a a8mal area of

contact with the suastrate. They were therefore easily rubbed off. Exampies

of these coatings on molybdenum rods are shown in Fig. 3.

IT
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Coatinis deposited at 8000, 10000 an 1300o were examl d regarding

their x-ray diffraction patterns, infrared spectra, hydrolyzability and

electrical properties. Differeniýee betweet pruerties of material deposited

at 8000 and i000M are greater t,-n those bstveen the 1000 and 13000 coat-

ings. It thculd be mentioned that, desirmie as it might be, it was not

possible to determine all properties of a coating deposited at -army one
temperature on a single sample. For example, electrical properties vere
determined on thli coatings deposited on 22 inch diamter molybdenm rods,

about 2 inches long. But to obtain samplea of sufficient quantity, free

of the substrate, for elemental and other analyses, it was necessary to

deposit very thick coatings on molybdenum wire coils. Samples which were

cracked off the coils by bending ard stretching the colis are shown in
Fig. 4. be 8001C material is translucent while those deposited at highez

temperatures are opaqu. As the oaque deposit grows thicker than 1 to 2

mils, nodules becuom evident on the surface )f the coating. That the

growth of these nodules actually began rilht at• he substrate surface can

be seen from the photograph of the fracturod AIN coating in Figure 5. Such

Tnodule growth has also been noted in the ileposition of pyrolytic grapblte.,
They are believed to originate from nueleation centpre around foreigu

particles, or iinreg~larities in the substrate surface. As the growth con-

tinues, projections grow out from the nodules. One particularly large pro-Iection is shown in ig.6. 6 Tt is very Uikely that the temperature at which

new material is being deposited on these extended pojections is lower than

that at which the deeper deposit took plaee. As a result, there conceivably
could be see differexnces in the overall omposition of thick and thin coat-

ings deposited at the same nominal teersture. These differences could be

significant in relating electrical properties of thin (1 to 2 mil) films

with other properties deteriined an coatlnp wivch were 10 mils thick or

2.1.2.1.1 X-Ray Diffraction Atalysis
Photomb of the x-r# diM &tico patterns of 8000, 10000 and

1300 othtings are shown In Fig. T. t A t pattern of the 8s00 matecria
shoui the presence of two crystalline pbases. The sharp lines correspond

9
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8000C

1J000 
C0

Fig. iAluminxm Nitride Cracked off Molybdenum Vire Coils on
•hich it had been Deposited at Atmosphere Pressure (8X)
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Fig. 5 Fractured Aluminum Nitride Surface Shming Nodule Growth (50X)

II
. Fig. 6 Growth Projection from Nodule on Surface of Thick Coating (IOOX)
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Fig. 7 X-Ray Diffraction Patterns of Aluminum Nitride
Deposited at 8000, 1000a and 13000C
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to a cr stal having the simple cubic Nf4Cl structure. More diffuse lines

of AIN are also present. Ammr •Ium chloride, which sublimes at about 3350C,

pr•obably waa not present in the coating as deposited cat PQOC., but could

have been subsequently fc3-ed by hydrolysis of the powdred sample. No

n 4 c lines are present in the patteras of tne 10000 and l•O0°C cot

only the AIN structure 's 1revat. The lines :Ln the pattern of the 13000 material

are mich sharper than in the 10000 depocit, indicating an increase in the

orientation of the crys/ A structure as the deposition temperature increases.

2..,,2.1.2 Lfrard Spectra

Infrared spectra were obtained on tne 8000, 10000 and 13009C aluminum

uitrlde deposits using WLýol 1Lu" between NaCl plates. These are shown

in Fig. 8. Here, tco, there ir evidence of considerable amounts of

aammonium chloride in the coatings derosited at 8o0c. This is indicated

* by the sharp absorption at 7.2 microns, between the 2 Nujol peaks, and

lesser 1W4Cl bwnd at. 6.2, 5.8, 5.2 microns, and several in the 3 to 3.5

micron region. The very ss.rong broad band cent.ered at lh microns is

characteristic of A!-. In the spectrum of the 10000 material, the 7.2

micron bArd, bnd all of Jhe lesser NH4Cl bands are much weaker than in

S th 8000 deposit. The AIN band in the 12 to 15 micron region is still

strong. In the spectruia of the 230 0 c deposit the 7 2 micron band, as well

as the other NH4Cl bands, hez disappeared leaving only the Nujol and AlK

absorption. Spectra for Mjo. and for NH4C! sre glven in Fig. 9 and 10

for ceoparison.

Once again., these spectra do not necessarily poiat to the presence of

NCl as such in the coating As delpo ted. It probably results from one,
or more, incompletely condensed materilas still containing hyroyzble

chlorine and nitrogen.

2.1.2.1.3 XydrolyzablIty
In rmv..ng the coated substrate from the deposition tube, it some-

times came in cotact with the tube walls, picking up some particles of

by-product ammiun abloride. This w4 especially true of vire coil sub-

strates. To rem ay trace of H4 Cl picked up in thi maner, the

13
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(From "Infrared Spectra of' Irorganic and Coordivation
Compounds" by Kazuo Nakamoto, john Wiley & Sone, 7 ow
York (1963))
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coated coll na wvAhed buveral times with deionized water. On one occasion,

after through,1y washing an 80°OC coating, the coil -•v •fs 1 _ an

hour in deionized water in a stoppered vial. Upon opening the vial, a

strong odo of &monia mae detected. he vateL was replaced an the pro- go

" z--dure was repeated. Again a strong ^ of NH3 develt• , tvgAuestiLg

poor hydrolytic Pt+sbility eý coatings deposited at 8OC00. Vil seine

washing and soiking was repealed with coils coated at 1000'and i-O00o

No ezxsnr'is odo,, iws det,%cted.
A somewat mom exact measure of the ihydrolytic stability w-z then

obtained. Sapler of abin a nitride coated on-mclybdenum r'-rc coils

a& 8c,.°, .01000 and 13000C were washed rapidly with Aeionized water to

•remcne any NHCI picked up on being removed frcm the depositlon tube.

After drying at 130CO, they were finely ground, weighed and Rsoaked in

25 ml of deionized water. After 1 hour in water with intermittent shak-

ing, ali.ots for ao-. and chloride ion de-.erminetions vers removed

using a pipette fitted with a filter stick. Ammonia content we" determined

coloriwtrically by the use of Nessler's reagent. Absorbanc* i.'s utessured

at W000 k using a Be 3n Model !-U spectrophotcmueter. The aliquot for

chloride ion determination was diluted with a mixture of methanol and

acetone and then acidified with 1:1 H2S04 . it was t~trated w%±h 0.0025 N

AgN0 using glass and silver electrodes. After 8-3 hvurs, a..!q'ots

were sapin removed for iann *rd chlorUz deter ti&li. 7aSuits of

these determinations are shown in Table 1. It can be in-en

Table I

Products of Hydrolyis of Ali-=- Nitride Deposit%9
at 8000, )=)0 aA 1300t using N&12 + NHS "- Reactat4

1 JRour Hydolyeis 8z,5 Hour Hydrolysis

Deposition Moles Es l Moles NiH Moles HCl
Temperature 109!"q~a1e 10 gin pl 1Cj c~ wl

80000 0.120 0. 0.160 0. 113
1.000 0C 0.018 0.007 o.,:4- 0.011
130oPC 0.00 0.004o 0.031 0.007

16 ;



that coatings deposited at 800' are amre susceptible to yrolysis fban
are the 1000 0C and 1300C coatings. At lover depoition temperatures,

the deposit very Probably Conta ins osMpletely condensed kydrolyzable

materials having the general composition:

and

The presence, and hydrolysis, of the amino-suhstituted mterial vowld8

account for the higher than 1:1 molar ratio of ammonia to HC1 aut=aly

found in the hydrolysio products. It is possible that the instability

that does occur in the higher temperature coatings is due to the "*,To-

jection growth" (Fig. 6) which no doubt deposits at lower than nuina

deposition tem-ratures.

2.1.2.1.41 Electrical Properties
Crmductivity, loss factor and other electrical properties of

alti~nm nitride films deposited at 8000 and l3O0C frow AIC4 and nH3

vapors are shown in Pig. 11, 12 and 13. An might be expected, the con-

ducti-4ty of the depoaitt formed at 8000C is fairly high. The d-c value

measured at 3OO0C is 8 x 10"3.0 (Ok-cm)"1 . Since at this -emprature the
conductivity vs teirtu =-we is becoming quite steep., w----mtx

wr not mad at hihe 0,• u• Th covctivity oC the lm

lower, by a factor of 1." than the 8000 depoeit. The electrical

ps or ths 1201im ex.- compsarble to those of film previousl.y d-
posited using the separately prepared A3 . compl die8 lectri

.00Dnrtant, aod coadmctivity nimlues reported here In rigs. 12 wad 1.3 my

be In error by a muh e 20• due to the unertainty abomt the film
thicknes, which ws varible duo to rwgbmss of the suroace. Tp a,-r-
face was in fact so rouSU thit oatimat•y of the dposited platimu

elecftrod could not be mainaidned at high taiparatures (6 WOC~ aad above).
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2.1.3 R.osition of Aluminum Nitride at Intermediate Pressures

As described above one of the early prccedures investigated

for the deposition of aluminum nitride was that of heating the substrate

in a continuously pumped (.01 to .02 torr) system containing undiluted

AMC3"NH3 vapors. This method gave very nonuniformly coated or only

partially coated substrates. More uniform coatings were later obtained
by using a flow of nitrogen at atmospheric Imessure to carry vapors of

the complex over the hot substrate. Properties of coatings deposited

at atmospheric pressure were examined quite extensively. The coatingsj were very hard, brittle, oxidation resistant and afforded considerable

oxidation protection to molybdenum substrates. However, the presence

of residual chlorine in the coatings was believed te have been the
S~cause of failure to attain the expected excellent high temperatureelectrical properties of aluminum nitride. Another bothersome aspect

a of coatings deposited at atmospheric pressure was the development of

beaded nodules in coatings one muil thick and greater.

It was suggested that deposition in vacuum would possibly aid

in removal of chlorine impurity. Since deposition under continuously

pumped conditions did not give satisfactory coverage, a combination of

the vacuum and the atmospheric nitrogen flow system was then lnvestigated.

Ii. this procedure aluminum chloride, in the cup at the bottom

of the U tube shown in Figure 1, was reacted with ammon"Le to form a

volatile complex which is solid at room temperature but liquid above
150PC. Substrates were given a 20 minute heat cleaning and degassing
by hosting with an external r.f. induction coil to about 1500PC at a

pressure of 5 to 10 microns. Substrates in this case were usually flat

molybdenum, and some graphite, plates suspended with their main plane in

the horizontal position as sketched in Fig. 1. Examples of these coated

plates are shown In Fig. 14. The temperature of the substrate was then
lowered to the desired temperature and the pressure was increased to 5

to 10 torr by allowing ultra pure nitrogen to enter the system by way

of a controlled leek. The temperature of the cup containing the source

material was raised to 150°to 200°C by means of a heating 4antle.

21



Fig. A~4 Alumninum Nitride Deposited on and isolated from
MoJlybdenuim Plates

A. Four Mil AEN Film Isolated from Molybdenum Plate

B. and D. Aluminum Nitride Deposited on Molybdenum Plate

C- Ter. Mil AJ.N Film Isolated from Molybdenum plate

E. Reverse Side of Coated Plate

22
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Under these conditions with substrate cemperetures o 11000

to l140°0C the rate of depcsition can be varied from I to 10 mils pur

hour by varying the temperature of the szerting materiel from 1500 to

2-00. As experienced previously, it has not been possible to deposit

onto a substrate at temperatures greater than 1000. N- costing is

obtained at this or higher temperatures. Coatings in the 1350° to

14 Ol range were obtained by giving the substrate a flash ('--30 seconds)

tcosting at 1"JL10001 then raising the generator to full power. With the

j flesh costing on, further deposition takes place at 1350-1400. Full

power setting on the generator easily heats a bare molybdenum plate

or rod to 1600C but the high emissivity of the coating prevents the

flash-coated substrate from attaining this temperature. Depositions

applied to lightly sand blasted molybdenum surfaces are quite hard

on Moh's scale), adherent, relatively smooth and gencrally freeI. of nodules. The lower the rate of deposition the smoother is the
surface of the deposit. The uniformity and appearance of these coatings
are superior to those formed at atmospheric pressure. As deposited

adherently on the molybdenvm plate, coatings appear gray but when

released from the plate they are white or light tan. Scom of these

are also pictured in Fi5, 14.

Samples for alemental analysis have been cracked from pl-ates
or rods by crushing the coated specimien In a hydraulic press. Results

of analysis of two different depositions Ft 1250o tc i3009C sre given

in Tatle 2.

Table 2

r-ementel Analysis of D2:91 tic Aluminum Nitride

Theoretical 65.85 34.15 ----
LH-103S-3 66.2 14. C5 0.31

2-1•- -2 66.1 33.3 0.32

It can be seen that the.ri samples while contaitnig less chlorine than

previous depositions still contain about 0.3% or this impurity. As

discussed in Section 2.4 of this report (Figs. 38 aad 39), tbei
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high temperature electrical properties are similar tc values reported

for hot pressed sIKcimens. They ae not what is expected for high

purity aluminum nitride.

In addition to isolating coatings by crushing tVe coated

substrate in a press, samples of pyrolytic aluminum nitride have been

separated from molybder.um plates, (wbich had been coated on only one side)

by dissolving the plate in a mixture of nitric and hydroflxuoric acids.

Two such isolated coatings are seen in Fig. 14 elong with costed plates.

The acid has no noticeable effect on the coating,.

2.1.h Co•npsition end Structure of pyrolytic Aluminum Nf2tride

It is well known that elemental analysis of the3e highly

refractory and inert materials is very troiblesome. Results of nitrogen

determinntion are often less then 1/2 of the actual value. But it is

believed tLht a reliable method of analysis has fina'lly been developed

on this project, The procedure of analysis is given in the last

paragr3ph of the section. 1vo examples of results of analysis of

pyrolytic aluminum nitride are seen in Table 2. In these two samples

the average of aluminum values is 0.3k higher than theoretical and the

nitrogen average is 0.75% low. These analyses indicate Oat the

depoiLt is AIN. However, chlorine contamination of theae materials

deposited by pyrolysis of AIC1 *NH at 13000 C and 5 to 10 torr is of
*3 3

the order of 0.3%.

As noted earlier, x-ray diffraction analysis of these deposits

show the presence of the hexagcnel Vurtzite structur? which AlN is

known tohAve. Infraredenalysis also confirms its presence. Optical

(500x) and electron micrographs (640Ox) of a cross-sectioned surface of

me-arial deposited at atmospheric p-esaure showed the presence of voids.

In Fig. 5 of this report is a 50x phc -ograph of a fractured surface of

this material showing the presence of a nodule growth. The occurrence

of such nodules has been reported in the structure of pyrolytic graphite

and boron nitride. The density of this material, determined on a sample

of rather limited size was 2.61 g/cc. later samples deposited at 13500C

and a pressure of 5 to 8 torr proved to be muclh more dense. The density

4s
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of a 4.35 gram sample accumulated from 4 depositions, by dissolving
away the molybdenum plate substrates in a HNO 3-HF mixture, was found to

be 3.13 g/cc. This compares with a value of 3.26 g/cc calculated using
0

the cell dimensiorr, a - 3.111 A and c - 4.980 X. An air comparison

pycnumeter was used.

In the determinations of chlorine in AIN, 0.1 gram of the

deposit was dissolved by slowly boiling in 8 ml of 50% NaOH solution.

This was acidified with H2SO4 end diluted with 100 ml each of methanol

and acetone. It was then titrated with AgNOS. A blank was run on the

reagents in the same manner. For aluminum analysis, again a 0.1 gram

sanple was dissolved in the same way and then acidified with HCl. Methyl

red indicator was added, the solution was brought to boiling, and then

neutralized with NH4OH. The precipitated hydroxide was heated for 1
I

hour at 11000OC to convert it to the oxide which was then weighed.
Nitrogen was determined bý covering 0.1 gram of sample iith 3 grams of

UiOH-H 2 0 in a platinum crucible. The crucible was placed in a quartz
apparatus Qz'ugh which a flow of nitrogen was maintained. The quartz

tube -w hbated to 7000 C for 1 hour and the exit gases were bubbled into
6Nn2SO4 to absorb liberated NHS. This acid was transferred to a micro

KJeldahl apparatus from r¢hica NH3 was distilled into a 5% boric acid
solution. The boric acid was titrated with 0.11N HCl.

2.1.5 Oxidation Resistance of Aluminum Nitride Coatings and Protection
Offered to Molybdenum

The product of oxidation of aluminum nitride at high tem-
peratures is alumina. Total conversion of the nitride to the oxide would

result in a weight gain of 25$. To determine the extent of oxidation of

a 4 =Uil film deposited at atmospheric pressure, it was heated in air at

10000 C for 115 hours. After 90 hours the sample stopped gaining weight.

Th, total increase during this heating was 4% which probably represents

the conversion of the nitride surface to alumina.

25



Fig- 15 Molybdenum Wire Coils, Uncoated and Coated with 0.1 Mil

Aluminum Nitride after 16 Hours at 700°C in Air (Ox)
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Table 3
Weýiaht Loss of Alumin~um Nitride Coated and

Uncoated Molybdenixm Wire Coil in Air ut 7000 C

Coated Coil Uncoated Coil
(KE-5 14-2)_______

Weight 3.3960 gratas 3.425C grams

Area 13.37 cm2 13.45 cm2

Hoursa at T00 0 C Weight It ý-2;tt o'

grm AMSIjCKLIhr grams gins/cm /hr

18 0.0022 1.5 x lo- 0.8838 6.j. x lO-5

25.5 0045 2.2 x I.0'o 1.3448 o. x 15

1 l.0137 4.1 x )o" 2.o482 6.4 x 10-5

650.03 8.0 x 10- 3.0003 5.9 x 10-5

Molybdenum rods end wire coils coated with aluminum nitride
we-re beez~ed in sir at 700°C and above tv determine-"to what extent the

coating protects the metal against oxidation. Molybdenum metal

begins to oxidize noticeably at 4060 and very actively at C6dO. Sub-

limmtion of the oxide layer begins at about 64&0C. Judging from the

oxidatiou resistance of the nitride film itself, a continuous nonporous

film should protect mo-lybdenum from oxidation up to l00°0 C. A coil

male of 0.040inch molybdenum wire was coated with 0.2 mil of AIN.

This coilalong with an uncoated molybdenum coil of similar geocmetry,

vas heated ct 7000C for 65 hours. The loss in weight of each coil

with time is tabulated in Table 3. The weight Zoss of the uncoated coil

is several orders of magnitude greater than that of the coated coil. The

rate of weight loses of the uncoated coil is fairly constant at about

6 x 1o"5 g / but that of t"ce coated coil is initially about
j6-7 gcm/t/br and slowly increases to about 10"6 gm/CO/br. This

Increase is the result of the onset of pitting of the wi\re. Dthng the

first 41 hours, corrosion was noted on the rough cut ends of the coil

which appeared to contain uncoated crevices. At the 65 hour vighing.Sitting was noted on one of the turns. The condition of coated and

uncoated coils is pictured in Fig. 15.



Fig. 16 Aluminum Nitride-Coated Molybdenum Rod Heated 17 Days in Air
at 700°C Showing Corrosion Growth in Hole at Right (3X)

28

RM 36816



A

B

Fig. 17 A. Aluminum Nitride-Coated Molybdenum Rod Heated in Air for
20 hrs. at 7000, 24 hrs. at 800°, 24 hrs. at 914o and
42 hrs. at 9860C (3X)

B. Corrosive Attack on End of Same Rod After this
Heating Schedule (12.5X)
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A 1/2 inch diameter molybdenum rod which was given a 3 mil
costing of AIN was heated for 17 days In air at 700°C. This is shown

in Fig. 16. The only evidence of oxidative attack is a small white

growth which can be seen in the interior of one of the suspension

holes. Another 1/02 inch diameter rod wihich had been coated with 6 mils
of AIN at a substrate temperature of I150PC, and a pressure of 5 to 7

torr was heated in air up to 9860 C. The heating schedule and cumulated

weight change of the coated rod are as follows:

TO 0°C 20 hours -1.8 %

8000C 24 hours --
9140C 24 hours +2.1 Lg

986°C 42 hours +2.1 mg
The specimen was taken directly from furnace temperature to room temp-

erature for obseration and weighing. After weighing it was put back

into the furnace at temperature. In Fig. 1TA is a photograph of the

rod after this hosting schedule. Wo change was noted in the appearance

of the coating after the '(0 0 and 8000 heating. After 24 hours at

914oseveral fine white lines were visible in the costing at one of

the flat ends of the rod. After the subsequent 42 hours at 9860, a

break occurred in the coating at this point showing oxidative attack.

This break is shown in Fig. 17B.

2.1.6 Flezibility of Aluminum Nitride •ilms
Six inch lengths of .040" molybdenum wire have been coated

with aluminum nitride in thicknesses of 0.5 mils to several mils. These

insulated wires were used to check the flexibility of the coating. When

wires coated with 0.5 mril ilms were bent around an 0.8 inch mandrel,

general cracking and some chipping occurred. In another evaluation,

5 mil molybdenum foil strips with 0.2 miu coatings and others with

much thinner films (O.1 to I micron) were bent over mandrels ranging

from 3 to 7/8 inches in diameter. The usual diameter increment between

* mndrels vas I/4 inch. As seen in Fig. "8Apthe 0.2 mil film did not

show cracking until bent around the 2-1/4 inch diameter. Over the

2 inch undrelp tLh6e W& increased cracking and some chipping began.
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Fig. 18 A. Two Tenth Mi) Film of AlN on Molybdenum Foil Showing
Cracking when Bent over 2-1/4 inch Mandrel

Fig. 18 B. One Tenth Micron AlN Film on Molybdenum Foil Showing
no Apparent Cracking when Bent over 7/8 inch Mandrel
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Fig. 18B shows a molybdenum strip having a coating thin enough to show

interference patterns. No obvious crackdig in this fila took place as

the mandrel diameter was reduced to 7/8 inch, but when examined under a

microscope a few. long cracks were apparent.

In applications such as capacitor% where thin coatings are re-

quired and where sharp bends are not encountered, the limited flexibility

of these coatings probably could be tolerated. They might also be used to

insulate coils where these could be formed into the desired shape prior to

coating.

2.2 Alumiwm Nitride from Reaction of Aluminum with AjMOnia

The nlterature contains several reports of the preparation of
alumnm= nitrlde by the nitridation of elemental aluminum. Nitridation

has been carried out by striking an arc betweer aluminum electrodes in an

atmosphere of nitrogen2 ; by vaporizing aluminum at 1800 to 20000 C in a

nitrogen 'otmosphere; and by heating the molten metal to 1000C1 in a flow

of imicnia gas9.
We have made several runs in which molybdenum rods, coated with

a layer of evaporated aluminmu, were heated to 12500 in a flow of dry

?mH gas. The rod was suspended in a vertical quartz, (Fig. 1) through

which aonia flowed at a rate of 0.7 liter /min. The rod was brought to

temperature as rapidly as possible (< 5 mins.) so as to minimize the risk

of the aluaLnum beading up or alloying with the rod. No beading was

apyarent, but alloying did occur as noted below. An insulating film of

A1N, about o.4 mil thick, was obtained on one rod. The film had peeled

"away from tne rod at several spots. An x-ray diffraction pattern of the

peeled film showed AIN to be present. When another sample was scraped from

the same rod, the sample was contaminated and diluted with substrate metal

and an interface alloy. In the complex x-ray diffraction pattern of this
sample, alloys having the crystal structure of MoYAl and AlKo were detected.

Films formed on other rods by this method either ccntained pinholes or

were so thin that probes and electrodes easily pierced them. In these
experiments, the operations of vacuum heat cleaning of the rod, evaporation

of the aluminum film, and nitridation of the film were carried out separately.
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Limitation of time did not permit tho construction of an apparatus which

would allow all three operations to be canried out without exposing the

rod to the atzmosphere between operations. One of the problems encounter-

ed in this work is the diffl culty of obtaining adherent, pinhole-free

evaporated alumimm films which are thick enough to produce aluxinum

nitride films having adequate electrical resistance.

2.3 Pyrolytic Deposition of Silicon nitride

The early synthetic work on silicon nitride was accomplished by

the nitriding of silicon powders or the ammonol.ysis of silicon tetra-

chloride followed by heating to produce bulk samples of silicon nitride.10-12
This was 'followed by the investigation of Popper and Ruddlesden who pre-

pared structural materials from nitrided silicon.3 The prouess involved

pressing fine silicon powder into the desired shape: partially nitriding

to increase the strength of the green body, machining to final tolerances

and finally nitriding to as great an extent as possible. This generally

resulted in structures which had a high degree of porosity and a relative-

ly large amount of non-rea ted silicon. The electrical properties of this

material (18-28% porosity) show it to be a good imnslator with resistivities

of > 1013 ohm-cm at room temperature and 106 ohm-cm at -0I000C. If the

nitrided silicon body was compacted to higher density, however, the con-

ductivity increased. This has been attributed to the nresence of nonre-

acted silicon in the nitrided body.

More recent efforts in the investigation of stilicon nLtride: have

been concerned with the preparation of films as passivating layers for

integrated circuits and encapsulating materials for devices. 1 5',1 Thin

film of silicon nitride sem to be well suited to +his use since the

imterial is reported to have a high order of chemical inertness and dis-

pkiys resistance to radiation and oxidation at high tergeratures. Silicon
nitride also acts as a barrier to the diffusion of sodiumA13 Problems do

exist however, in the characterization of silicon nitride. Materials

described as silicon nitride in patents and in the thamical literature

are sometImes found to be other materials. An exuple of this is work that

w8s done to deposit silicon nitride as a high temperature dielectric
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for use in molybdenum capacitors. After several patents had been issued

and a publication had appeared, the authors discovered that the material they

had thought to be silicon nitride was in fact ailicon dioxide. 1 5 -1 9

Fortunately, in this case, the authors ware quick to point cut the

error*

The recent interest in silicon nitride as a possible replace-

ment for silicon oxide acting as a.thin film on semiconductor devices

has resulted in the development of new techniques for the synthesis of

this material. These include r.f. sputtering, pyrolysis of silicon

tetrachloride in an amionia atmosphere, vapor phase transport, the

pyrolysis of silane and ammonia, and various other methods.13 We have

independently investigated so of these methods including the SiC.14 +

3Hs method, a method involving pyrolysis of a SiF4 .-2NH complex, vapor

phase transport, and the use of eilane and uamonia. 8

The SiC14 -PHs method ideally woule be thought to follow the
reaction as illustrated in Equation 1.

Ssclc4 + si 3  Si3% + 2HCl)

It is known, however., and in fact it is readily observable, tbat SiCl 4

and Mls react even under ambient conditiona to give a complex polymeric

product possibly containing, in addition to the Si-N bonds expected,

Si-Cl, Si-im, SlUT2, various other groupings and impurities such as

?TCL. Conditions desirable for good chemical vapor deposition, such

as the absence of a gas phase reaction for axample, e.e not readily

obtainable except under the met carefully controlled conditions.

A solid phase complex of S1iF and N13j, which was reported in

1955 by Miller and Sisler , was also used to prepare silicon nitride.

The ccplex, SiF4 .-2M* , after being placed in the reaction apparatus, was

volatilized by localised heating, tramspcr into the vicinity of a hot

substrate by carrier gases and subsequently pyrolyzed to silicon nitride.

I!.
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The equations describing this sequence of reactions are shown as Equations

2 and3.

siF4 + =s---I - 3s4'2NH.s (2)

3siF4 -2H -2--S i s 2NU4 F + lOHF (3)

The by-products shown in Equation 3 would be expected to give rise to

problems similar to these found with the use of SIC14 and RH 3 .

The system which has been subjected to the most thorough examina-

tion has been that. which involves the pyrolysis of z1lane and moniu.

Ideally, this reaction -oxld proceed as shown in Equation 4.

3SiU4 + "43 R-"'Si3 N4 ++l2E

Of the systems considered, this one., due to the abmeice of solid phase

by-products, should procaed with the least chance of by-protCct contam-

ination. In addition, silane and umonia do not undergo reaction at

ambient or even moderate te ratures, •cereby minimizing the possibility

of spontaueos nucleation from the gas phase. It should be mentioned, how-

ever, that the main disadvantage of %meor, -g with this systan is that
silane is a pyrophoric material and met be handled in the absence of air

or ngen.21-23

2.3.1 Deposition of Silicon Nitride by the PVNyyis of Silane and A-munia

The deposition on a =4V.bderzu surface, of film frcm silane and

ammonis, as it has developed in this investigation can be classified into

three categories. These are primarily dependent upon the temperature of

deposition siis to a lesser extent upon the pressure during the deposition

cycle. After a general description of the experimental procedure, the twvc

extrmes of tm rature under which coatings have been obtained will be

discussed along with the properties of the coa t ings obtained at these

temperatures. The solid phase by-product of the reaction will be briefDy

discussed and a suggested nechism for the deposition of silicon nitride,

-4 35



which ts based on the pyrolysis of silane and the known physical proper-

ties of the coating and by-productb, will be developed. Finally, the

coatings which are deposited at -- l0 0 00C and seem to display the most

desirable nroperties will be discussed in greater detail.

2.3.1.. Peents

CJarrier grade, ultrapure, nitrogen obtained from Air Products

and Chemical Inc., anhydrous ammonia '> 99.95%) and silan (99.9999*)

frm the Matheson Co., Inc. and trichloroethylene, electronic grade, from

Fisher Scientific Co. vrre among the chemicals used iu this investigation.

AEX Air Eraser Ccmpcund, obtained from Paasche Air Brish Co., Chicago,

was utilized for surface sandblasting of a substrate prior to deposition.

2.3.1.2 Apparatus
originally the apparatus was one constructLd with a borosilicate

glass manifold and fased sill ca reactor. This was later modified to the

present system (Figs. 19-21) made vith a type 316 stainlass steel mani-

fold and a water-cooled fused-silica reaction tube attached to the system

throgh 0-ring ,eals. The rotameters, which are connected to the syserm

through 'Teflo pressure fittingsY are calibrated glass tubes with stain-

less steel and g3"se floats. Gar flows a-e controlled ty stainless steel

needle valvr.z - other valves in the system being stainless steel with

"Teflon pac!ng.

2.5 -..5 RSbstrates

Graphite rods, pntinum sputtered on fused silica., fused silica,

siides, nlativ= foil and malybdenum plate, rod, wire and foil hbve been

used 4s suostrates in theve expezi-eats. Difficulty "as e.erizn!ed

Smnrormly heating molydxlenum wire coils in an r.f. field. Since the

el.zctrical measurements could more readily be performed on plates or rods,

end stnee the e:lctrizal and otamer physical properties characteristic of

the nitalde films on xoCLybder= would be expected to be the same on a

wire w., pound on a plate or rod, it was r.of deemed necessaex tj change

trj,% rethod of heating to, for exotle, resistance heating in order to

accommodate the •re.
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Of the substrutes considered, the thermal coefficient o£ý ex-

pansion• of molybdemm offers a reasonably close match to that z~prtd

for sillcon nitride (sea Table 4). In addition., molybdenum is a favor-

able high tempTerature electr!oal conductor since it can carry the high-

cat corrent per unit mass of all the refractwry conductors. Fnr these

reasc-4s most of the recemt1 work on the deposition of silicon nitr:Lde

has been done with mo1yVdenum,, either in the form of plates or rods, as

the. substrate matierial.

Table 4

Properties of Same Hi4h Temperature Materials(ke)

material •výlting Densi ty Ele•a-tIcal Thermal•
Point Resisntivity FExpannion

OC 9/cc_ Mi=ohmo-cm xlO"° ' -b

T!ungsten 3410l 19.3 5.5 4.5

Tantalum 2996 16.6 13. 5 6.6

Osmium 2171 04 22-5 9, 5 6.6

Molybdemnu 262.0 10.2 5.•2 5.4

Platimun 1773 21.45 10. 6 10.2
Silicon Nite-de 1900 3,18 1xIO 12 2.5

It has been experimentally observed that sandblasted an do-

greased mclybdenum sufes povide a faore-ble surface frz the deposition

of silicon ni'tride. In fact in one exMeAiment a molybdei plaste was
partiall~y sandblasted, thoroughly cleaned and coated with pyrolytic

silicon nitrida. As shown in Fig. 22., the saadbLasted area received ,

mich more adherent end uniform coating than the area which was not sand-

blastod. Use of a polished molybdenum substrate generally resulted in a

film vith pocr adeece. As a result of these and similar experiments

a standaiiized surface preparation, that has proven to be satisfactory,

'thas experimentaly evolved. Shia consists of sandblasting the molybdenum

substrate f•Iioved by uevrsl successive ultrasonic degreasing tre~atments,,

4
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each with f eLih aliqucts of trichioroethylene, rirning with trlchloro-

ethylene and air drying. The substrate is thern beat treated just •fore

deposition, as indic-ated in a subsequent section.

2.3.1.4 Procedure

Typically, the experimental procedure involved placing . cleaned

suWstrate on a susceptor which in turn restea L an inclined fused

silica sled. The susceptor generally consisted of a 0.060" or 0.120"

thick molybdenum plate. After assembly, the sled, susceptor and substrate

were inserted into the reactor and centured in the work coil of the r.f.

generator. The reactor was isolated frma the atmosphere, -urged with

nitrogen and then evauonated to a few microns of pressure. Further clean-

ing of the substrate was then accomplished in vacuo by heating the sub-

strate-susceptor asiembly to the vicinity of 15000C for ten to fifteen

minutes. The substrate was then allowed to -ool and the pressure in the

system wes adjusted by .etering in the desired quantities of nitrogen,

emnonia and vilane. (Experiments were done at pressures ranging from a

few mm of mercury to slightly above atmospheric press-are). Deposition

was initiated by again heating the substrate. The temperature was closely

monitored, especially during the early phaoes of the deposition, and ad-

Justed to maintain as near a constant temperature as possible,

Exhaust gases, which probably contained unreacted aumonia and

silane as well as hydrogen, higher gaseous silanes and other complex

gaseous by-products formed an a result of the pyrolysis, were passed

through a liquid nitrogen trap before being pumped into the atmosphere.

(In the case of experiments at slightly above atmospheric pressure, when

no vacuum pup was used, the exbhaust gases were bubbled directly through

a basic alcohol solution to decompose silane before exposure to air; no

liquid nitrogen trap was used in this circumstance.) At the termination

of a reduced pressure experiment, the system was pressurized with nitrogen

and, after a nitrogen flow had been established through the basic alcohol

solution, the traps wire gant.Iy warmed allowing the condensed reactants

and by-products to be passed through the basic alcohol solution. In a

carefully purged and leak free system no problems were observed using this

-k2
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techniques It is ir tive however, that care be exercised since even
the slightest leak could possibly allow oxygen (b.p.-l82.5°C) to condense

inolqi nitrogen trap bp19.0)

22.3.1.5 Deposition at 7oo-800 0 c

A series of experiments conducted with the pressure of the reactor

(air cooled) held slightly above atmospheric and flow rates of -0.5 cc/min

of ile, -80 cc/min of ammonia and -250 cc/min of nitrogen over a

molybdenum substrate held in the vicinity of 700-8000 C yielded coatings

which we metallic gray in color and relatively soft, having a hardness

of 6.5-T.5 on Mchs' scale. These materials were characteristically amorphous

as determined by x-ray powder data and yielded an infrared spectrum llke

that shown in Fig. 23A The predcninant feature of this infrared spectrun

is a very broad band centered at -950 cm3". The position of this band

is in the vicinity of that arising frcm an Si-N absorption and the broad

featureless nature cf xhe absorption is characteristic of material having

a low order of crystallinity. Coatings of this material display a rela-

tively high resistivity when -tested, at rooim temperature, with the probes

of an ohmeter. It was ?ound however that these materials could be con-

verted to a conducting material (at room temperature) simply by beating

to temperatures in excess of 1000 UC. Subsequent x-ray powder data revealed

that the material contained a new cry3talline phase-silicon. Whether

this silicun was formed simply by crystallization of amorphous silicon

present in the film or resulted from a disproportionation-crystallization

meehanism is not known. It is apparent however that the low temperature

deposit, found under the stated conditions, does not display the ,.hexacter-

istics of silicon nitride - even though the infrared spectrum is thet

. expected of amorphous silicon nitride.

S.2.3.1.6 Deposition at --120 0C
Under the same general condition of pressure and reactant gas

composition, but with substrate temperatuares in the vicinity of 1250tC the

deposit obtained Is .-Si3%4 as evidenced by x-ray powder data. A Mohs'

i
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hardness test yielded a hardness of > 9 which is in good agreement wf,6tb

Sthe reported values for silicon nitride.3 Infrared spectral investigation

of this material revealed the spectrum expected from crystalline silicon

nitride (Fig. 27). These data are also in good agreement with published

spectra of silicon nitride and our own measurements made on coumercially

available samples cf silicon nitride powder. 2 5  In general the crjstalline

nitride prepared at 1250C in our apparatus varied in color from white to

light tan in contrast to the distinctly metallic gray color of the comer-

cial silicon nitride.

One of the interesting observations made during this initial

series of experiments with molybdenum substrates concerned an apparent

decrease in temperature during deposition. This was the subject of some

concern since it could reflect either an actual cooling occurring through

an increased emissivity of the coated rod or a decrease in emissivity,

causing a change only in the temperseure recorded by pyrmetry, but not

in the actual temperature of the su atrate. The resolution of this problem

was accomplished by preparing a substrate of a two inch 3ection of one-half

inch diameter molybdenum rod, containing a hole which was 1/16" in diameter

and 3/8" deep to approximate a black body cavity. A series of measurements

at different temperatures was maCe on the clean molybdenum surface and the

results were ccenpared to those obtained by taking measurements under the

same conditioni from the hole approximating a black body cavity. ThIs, and

a similar rod,were then coated with the high temperature crystalline film

of silicon nitride and the low temperature amorphous coating, respectively.

The results which are given in Fig. 24 clearly show that both of the coat-

inga have very high spectral emissivities. Therefore, the observed temper-

ature drop of the rod upon being coated is real, not merely apparent.

2.3-.1.7 !y-products of the Reaction

It was observed that during the course of the early experiments

a considerable quantity of material was deposited from the gas phase. This

was particularly true of the rvactions in which the substrate was held at

a high temperature and the flow of gases through the reactor was relative-

ly slow. The material deposited from the gas phase varied in color from

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 4
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dex'k brown to almost wvhU e and yielded an infrared spectrum like v L

shown in Fig. 25. la this spectrum, vhich was obtained from a NUjol mal

of the eample, the absorptions in the vicinity of 3 microns are probably

attributable to NH and pethaps OH stretching modes. The peak predoainat-

ing at 4.5-5.0 microrA most probably arises from an Si-H vibration.26

The absorptions at lower energies, from 8-13 microns, probably

are attributable to Si-O and Si-N modes. Although it is felt that the

concentration of reactive oaygen species in the closed reaction tube is

fairly low, the Si-C and Si-OH groupings in the gas phase deposits probab-

ly arise, at least in part, from tnat source and also from reaction occur-

rkng vhen the material is exposed to air and during the mulling procedure.

Regardless of the actual chemical composition of this solid

phase by-product, it is apparent that the production of high quality

films of silicon nitride would be best served by the elimination of the

gas phase reaction product. This would result in reduction of solid con-

tamination and prevent depletion of reagents necessary for deposition on

the substrate. To accomplish this objective the reactor was constructed

with a cooling water jacket and the reaction was carried our at reduced

pressure to increase the mean-free path of the gases. It was felt that

these steps would allow reasonable deposition rates to be acldivved with-

out the production of significant quan -ies of gas phase reEctiV

proditcts. The characterization of nitride films obtained n this muinnr

axe described in Section 2.3-.19.

2.3.1.8 Mechanism of the Reaction

The nature of the solid phase by-product, combined witb the

known properties of silane and ammonia, aids in suggesting a mechanism

for the reaction. Silane is known to undergo pyrolysis at temperatures

as low as 4009C with the onset of appreciable reaction (that occurriug

at a measurable rate) at 600oc. 2 3 In contrast, amwsiiia is relatively

inert and CIoes not undergo decomposition unless it is exposed to temper-

atures of 800-9000C. 2 7 If, as is the case in many of these reactions,

the substrate is held ut 700-800 0 C, the temperature 4'1 the flowing gases

-~ 11.74T
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must be lover. Therefore the formation of a gas phase product must be

initiated by the pyrolysi's of silane. Since thermie activation is known

to be a ready source of radical species in both organic and inorganic

chastry,28"30 it seems reasonable to postulate that the pyrolysia of

silane, by a free radical mechanism, initiates the reaction. Accord-

ing•j a reaction sequence similar to that below is suggested.

3i•-~-> SiH&- + H, (5)

HO + H 2s-" H2 + M2 " (6)
siHs" + NH2" H..iAM (0)
H3SiýH2 + H'--> Hs-$H. (or H2NmiH2 -) + H2  (8)

HsSiNH• - SiH+.-- H3 iMSi•i 3  (9)

The reaction proceeds yielding increasingly complex products.,

which, when they are of sufficient molecular weight and in a sufficiently

cool temperature zone, nucleate and form a solid condensing from the gas

phase.

Termination of the reaction can be accomplizhed in a variety of

ways, the most obvious of which is simple radical combination as shown in

Equations 7 and 9. If the reaction is to be terminated by this mechanism,

it is assumed that the product is not in a zone where pyrolysis or radical

abstraction can occur. Of course hydrogen and higher silanes am also

arise. from a mechanism like that proposed here as shown in Equations 10 and

3-.

H- + H-.• H2  (io)
SiH3 ' + SBi" ---- HiSiH3  (0-)

Although no attempts have been made to gother data to verify this
S•cfhanismý som additional experimental UUat sezems to bear on tniis problem.

On several occasions attempts were %ade to deposit silicon nitride on a
thin mirror of platinma which had been sputtered onto a fused silica slide.

.Intia1ly the platinum formed a bright continuous film but after deposition
of silicon nitride had occurred and the substrate was agean emained it was
observed that much of the platinum had been removed destroying the mirror,

This observation mey be related to the experiment of Paneth in which metal

"49



I
I

mirrors were removed ani redeposited by the action of crganic radical
species. It seems likely that further investigations of this mechanism

could benefit from the use of radical scavengers, electron spin re-sonance,

and analysis of the gaseoul reaction products .y Infrared and mass spec-

troscopic techniques.

2.3.1.9 Deposition at -1000 0 C

Typically, substrate temperatures of 10000 C with flow rates of

1-20 cc/min of silane and 25-35 cc/mLn of ammonia at a pressure of 5-10 torr

give silicon n.tride coatings which seem to possess favorable high temper-

atvre properties. Some details of the synthesis of theae films regarding

general operating conditions and substrate preparation appear in Section

2.3.1.4 while ozher aspects of the synthesis and characterization er

covered in the subsequent paragraphs. The electrical properties are re-

ported in Section 2.4.

2.3.1.9.1 Structural Characteristics

Investigations into the crystalline structure of the compounds

hmbeen pursued using x-ray techniques. Debye-Scherrer diffraction

patt,-i.ms (Cu. Ka radiation) and tracings frcom a Norelco diffractometer

(Cr Lg radiation) indicate that the coatings obtained on crystalline

molybdenum substrates, at these temperatures, are generally amorphous.

In some instance; however, areas of crystallirte silicon nitride, probably

arising from surface impurities or other conditions which could lead to

nucleation of the crystalline material, are observed. Such factors could

include for example, small particles carried in the reactant gases, local-

izd high temperature or an initially greater txvwperature than that desired

for depositio• of the amorphous material.

Infrred spectral analysis lends support not only to the designa-
tion of the coatings as amrphous but indicates the presence of Si-N bonds.

Actual infrared spectra that illustrate the significant differences in

ab#orpica between the amorphous and the crystalline materials are shown
In ign s. 26 nd 27. T* broad, relatively featureless, spectrum shown in

-Fig. 26~ would be expect-M from the sm~rphous material while a 3,Arge number

ii>ý7 - __ __
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of relatively sharp bs&.ds, as shown in Fig. 27, are expected frcm a

crystalline material- The eample yielding the spectrum shown in Fig. 27

ias confirmed to be a*.Si•m by x-ray powder work. 32

2.3.1.9.2 Elemental Composition

Efforts to obtain elemental analytical data on samples rt silicon

nitride film were carried out by an alkali fusion method which consisted

of mixing a weighed amount of the sample with 5g of sodium k ydroxide in a

platlimm boat and heating the mixture in a tube furnace at v-700°C for two

hours. The ammonia produced in the fusion was carried by nitrogen into a

saturated solution of boric acid and then titrated vith 0.1 N hydrochloric

acid. Determination of silicon was carried aAt by fusion of a mixture of

the sample, potassium nitrate and sodium carbonate contained in a

platinum crucibic. The resultant fused mass was subsequently treated with

sulfuric acid, the precipitated silica being washed and then ignited at

10000 C for one hour. The weight of silica ww used to determine the silicon

content of the film.

Analysis of several samples by this method ted to indicate non-

reproducibility of results. A limited amount (27 mg) of coating was

analyzed for nitrogen by the abov-s tecnnique with orly 29.8% being found

Analysis of another sample yield&.d values of 35.30 avA 31.7% for nitrogen.

This, couplcd with a 72.8% analysis for silicon on the samw sample prepara-

tion, suggested that either the sample was not cM)metely homogeneous or the

analytical techniques did not ahow ccmplete deimpooition o? the &ple.

Since the original sample had been crushve and mixed thoroughly prior to

analyisis it seems that the latter voxplanation is more reasonable. (It

should also be mentioned, however, that ou0y smell quantities of samples

were available at that time and thim undoubtedly added to the uncertainty

of the analytical result.) The analytical technique was therefore modified

by using lithium hydroxide rather thmn sodium hydroxide for the decomposition

of the nitride sample. The temperature Pemained at 7000C and the apparatus

was modified to minimize possible loss of mwonia. In order to eliminat.

- I the carry over of contaminating base the ammonia was first trapped in

4 53
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dilute sulfuric acid and then regenerated and dissolved in boric &cid

for a final determination by titration with 0.1 N hydrochloric acid.

The results yielded by this technique for the analysis of silicon

nitride gave good re-producibility on analysis of commercial samples of

silicon nit;ride as indicated in Table 5.

Table 5

__emnt__l_ of Silicon Nitride

Pyrolytic Eilicon 1Itride Film 58.5 38.9

A.D. Mca•y Si3N Powder 58.) 37.0

Union Carbide SBi± Powder 37.4

37.2
36.T
37.A

Si'3, Theoretical Values 60.05 39.94

Since the modified technique incorporatBs :. aistillat on of the

cvolvod azamor-ia ,the possibility of erroneour high ni&rogen values is

virtually eliminated. The values quoted for nitrogen content are there-

for taken as representing the minimum nitrogen values; he possibility of

incomplete decomposition or loss of ammonia from other factors still being

a posxibility.

2.5.1.9.3 OxidationProtection

RelAtively thin molybdenum substrates were chosen for thi oxidation

study in order to reduce the overall mats of the substrate and give the

highest surfege area to weight ratio possible. Since previous experieice

with 5 mil foils bad in•icatzd that these were difficult to hea-tmio'ly,

.0 nil foil was used in this series of experiments. &Lbstrate I pArtion

and depositio conditions wre, in gemeral., the csne as those t io -

fdscribed Oad the sample roeeived two coatings on each side for -tw. of
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88.7 mg of silicon nitride depoaitd over an area of -43.6 cm2 . Assur-
ing a density of 3.18 g/ce3 for the deposited coating,the calculated

thickaess is -6.4 p. The original weight of the uncoated foil was

5.4i700 g..
For the oxidation test on this foil the sample was placed on a

piece of platinum foil and inserted into a furnace maintained at 10000C.

TIM ssayple was continuously exposed to air during the heating period and

wams shock heated and air-quenched in the sense that it was inserted and

e!-,Afved from the furnace without preheating or slow cooling of the sa&ple.

After 32 minutes at 10000C the sample was removed from the furnace and

ealIced to cool to roor. temperature. A weight loss of 2.1 mg had occurred

(0.014 of the coated specimen) but no pits or other flaws were obvious.

The sample was returned to the f•rnace for heating at lO00C for an add-

itional 32 minutes and was again removed for observation. The sample had
suffered a total weight loss of 14.3 mg (0.26%) and had obvious failures

at two locations (Fig. 28). One of these was at a corner (Fig. 29) and

the other was a pinhole near the center of the foil (Fig. 30). A number

of cracks were observed in the coating prior to this oxidation protection

study and these were periodicaLly observed during the test (Fig. 31).

No signs of oxidation were visible in the vicinity of these cracks, in-

dicating that they either do not extend to the molybdenum surface or are

ccupression cracks that are still closed and air tight at 10000C. Since

the coatings are deposited in a two stage process it is not unreasonable

to postulate the former .L' these two conditions ar. a reason for the absence

of oxidation at a surface crack.

Of interest, and visible in both Figs. 29 and 33),are the deformed

edges of the molybdenum foil. These edges, which are very rough and show

the effect of being sheared from a large piece of foil, are remarkably

well coated with the nitride film and show no pronounced tendency to break
down by cracking or spalling from the substrate. Although this specimen

has failed in the vicinity of a corner, the coating has shown good oxida-

tion protectl= along the distorted edges and at the three remaining

corners of the foil.
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A similar molybdenum substrate was prepared in a slightly different

manner by rounding the edges and corners before film formation. This sample

received a total of 94.2 mg of coating over tssentially the sAme area;

yielding a calculated thicknes of-6.8 V. This specimen was tested for

oxidation protection in a similar- manner at 1000°C,but was removed from

the furnace and examined after 17 minutes an= again, after 38 miLutes of

heating. No flaws were obvioun at. these times but after 60 minutes of

heating, the sample had again failed at one corner. This was the only

visible flaw in the coating and was responsible for a weight Joss of 20.9 mg

(0.-37*).
For comparative purposes, an uncoated sample of the same molybaenum

foil was heated at 1OOO0 C for 15 minutes and was observed to have under-

gone a weight loss of -65% (see Fig. 08).

The coverage of the substrate, which gives rise to the oxidation

protection, was determined by sectioning and polishing a sample and micro-

scopically observing the coverage obtained. Micrographs taken during this

investigation are shown in Figs. 32 t, 36. These, in general, indicate

that the films obtained are,on the upper surface, uniform and continuous.

The large number of voids apparent in several of the micrographs probably

arose from damage and pullouts during the cutting and polishing of the

sample or during voltage breakdown testing of the sample.

2.3.1.9.4 Density
The density of a sample of amorphous silicon nitride film, which

had been removed from the molybdenum substrate, was determined by the

bouyancy method using a mixture of bruoform (op. gr. 2.89) and methylene

iodide (sp. gr. 3.33). A value of 3.08 g/cc, which ccmpares favorably

with the x-ray density of 3.18 Wcc for m-SigN4 , was obtained.33

2-3.1.9.5 Flexidbility
The flexibility of silicon nitride films on 10 mil molybdenum foil.

was investigated by bending strips of the coated foil around successively

wmaller mandrels. Since the thermal coefficient of expansion of olybtomi

is greater than that of silicon nitride (aee ftble 4) these coatinos, which
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are deposited at 10000C0, vouid be expected to be in compression at room

temperature. It is anticipated then that bending the foils, which are

coated on only one side, with the uncoated molybdenum surface against

the mandrel would relieve the compression or put the coating under

tension. Bending the samples with the coated surface against the mandrel

would put the coating under greater copression. It would be expected,

therefore, that flexing the samples to relieve compression would give a

lesser chance of failure than flexing to put the coating uinder greater

compression.

This is borne out by the data presented in 'fable 6 which indicate

that flexing to relieve compression can be carried out successfully. Bond-

ing in the opposite direction results in early failure.

Table 6

Flexibility Tests on Coated 10 Mil Molbdenum Foil

Coating * Mandrel Size
Thickness(p) Bending Direction (diameter-inches) Observation"

2.4 increase ccmpression 0.512 flaking of coating

3.5 relieve compression 0.050 no cracking or
flaking

6.9 relieve ccmpression 0.212 no cracking or
flaking

Thickness determined by angle lapping at 30 and measuring microscopically

Examined microscopically at lOOX after each bend.

2.3.1.9.6 Deposit-iubstrate interface

It has been experlzentae1y observed (Fig. 37) that a dark inter-

face is often f)rmed between the molybdenum substrate and silicon nitride

coating and that upon removal of the coating, when this is possible, the

interfae can either remain with the substrate or adhere to the coating.

Sore preliminary investigations, primarily using x-rsy techniques, have

been conducted into the nature of this interface materiAl.
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Upon removal of a portion of the silicon nitride film of one

sample, the interface material adhered to the substrate in certain areas

but, i: others, remained with the removed sil'.Aon nitride coating. This

interface was very dark and adhered quite well to the substrate and

coating respectively. X-ray diffractceeter tracings of the interfacial

material remAining with the mo-lybdenum= substrate revealed the presence

of a-Si3W4 and Y-MoN,, as recorded on ASM card )-907. A portion of the

interface was then scrped free of the molybdenum and exauined by normal

powder methods. Once again y -MoN2 was identified,with the possible

presence of MoSi 2 (ASTM card 5-749). A weak phase of a-SisN4 was also

found in this powder work.

2.4 Dielectric Measurements

2.4.1 Measurement Techniques
M be measurement techniques used throughout this work were essen-

tiallY as described in the technical report 8 covering the first year of
work on this project.

During this second year, dielectric measurements were made almost
exclusivel with sputtered platinum electrodes on the specimens, which

were thin coatings of alAumla nitride o.- silicon nitride on molybdenum
substrates. Thus the specimen had a molybdenum electrode b-se and a

platinum electrode on the other side. A few tests ware madi toward the
end of the program of AIl specimens which had been removed from the sub.

strate, and platinum electrodes applied to both sides.
EaZlier -eosurents, particularly of AIl, were made with coatings

on round rods (1/2 inch disaster). Many later tets were made with coat-
ings On flat plates of mol."bdenu

Dielectric s were frequantly made with both increasing
-tmperats nd~ with deemasing temperature fro the sxni test temper-
ature. )) ei casec the tests were ade at a few tori pressure, or 1 atm
of dry Xg, the latter bein preferred. Tests vewev aas wadt using a

delectrode, so placed that aty condction current, except that
VhIch pauted thrau& the Measuring electrode area, was inUrcepted by the
guard electrode and did not influence the measurements. This was done
with bth sa-c end d-c tests. Usually C•eo AMUzMMents were tried with both
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polarities. The values wi.th polarity reversed usually agretv within i(%,
except as noted in severl1 instances. Except as noted, the d-c values

were reported for the case with the substrate negative.

In most cases 'he applied voltage for the dielectric measurements

was less than 10 volts.

2.4.2 Dielectric Tests on Aluminum Ritride

The conductivity of the aluminum nitride coatiqs varied appreciab.ly

from specimen to specimen, depending on the method of preparation. The low-
" I est conductivity values were obtained on specimens IM7-1 --nd M90-3,, as

sho-n in Figs. 38 and 39.
Often conductivity, tan 5 and capacitance ialues were lower after

having been heated to the highest test temperature at 8000 or 9000 C. Since

the heating during this measurement wa usually at a reduced pressure or

in dry, slowly circulating N2., it is presumed that the heating removed

some volatile conductive material, possibly water. Since the specimen

had usually already been, during preparation, at a te ature higher

than the highest measurement temperab re it is presumed that the agent,

which was being evolved, had been absorbed while the specizen was kept

under atmospheric conditions prior to veasurement. Whatever was chang-

ing to reduce the conductivity occurred. quite slowly;, since quite a few

hours, sometimes days, elapsed during the measurements with increasing

ature. Several samples were held at 2000 C for 75 hours, and the

capacitance and conductivity -ee observed to decline slowly over this

period.

Coatinuity of the thin sputtered platinum electrode continued to

be a problem, particularly with some of the rougher coatings. This factor,

together with the variability and uncertainty of the coating thickness

over the mea.ued area of the specimen usually prevented very accurate

dielectric constant masrmeents. Dielectric constant values in the

vicinity of 6 to 11 were obtained at low tp res, increasing with

tmperature, faster at lU frequency.
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It is of interesm to note that the activation energy for conduc-

tion is of the order of 1.1 electron volt. This is cbtained from the

slopes of the d-c conductivity curves, Figs. 38, 42, and 43, which have

the most reliable linearity of slope at the higher temperature end.

Even though sample LH79-1 (Fig. 38 ) has nearly a 3 decade lower level

of conductivity than samples =1210-1 and 111-2 (Figs. 42 and 43) the

activation energies for conduction in the high temperature region are

nearly identical, indicating a similar conduction mechanism. Activation

energies on the other specimens were not calculated because of insufficient

data or curvature of the log a vs 1/T plot. This activation energy for

conduction is muach lower than the optical energy band gap of 3.8 ev re-
g-ported for this material,33 which indicates the conductivity is probably

not alectronic. It is probably due to impurity ions, possibly chloride.

The conductivity level for these specimens of AlN is at least

3 orders of magnitude lover than reported recently for their preparations

of AIN by Cox, Cummins et. al. , 5 who mast have been testing more impure
materials. Their activation energy is similar, however. Their tests
were limited to low temperatures (1300C maxizm).

2.4.3 Dielectric Tests on Silicon Nitride

The silicon nitride coatings demonstrated a more consistently

lower level of conductivity than the alumimi nitride. However, the

best silicon nitride specimen (O9-174i, Fig. 47) was not better than

the best aluminum nitride specimen at high temperatures.

Silicon nitride coatings showed less decline in conductivity, tan 5

P,4 capacitance after being heated to high temperatures, which indicated
e lesser imount of impurities or iater absorption. All three specimens
reported here in Figs. 44,, 4,6 and 47 dmv'strated conductivity levels

cloae to 016 at room t_erature, which was lover than any aluminum

nitride specimen tested. A comparison of the conductivi:y curves for these

pyrolytic silicon nitride coatings with those for buU pyrolytic Big%

w reported by Westphal'l Indicates sawhat hi values for the Coat-

imp., but on thu whole samieht cmperabU. He reported no d-c meau4emnts.

7,
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The activation euergy for conduction as indicated by the slopos

of the high temperature conductivity curves, Figs. 14 and 4 7, for two

specimens were 1.8 and 2.3 electron volts respectively. This is sig-

nificantly higher than for aluminum nitride.

A-C dissipation factor curves for sAicon nitride specimens showed

consistently smoother curves than for aluminum nitride, with no evidence

of tan 8 maxima and Maxwell-Wagner type polarization. The levels of

-,an 6 are rather low.

Dielectric constant values for tUe silicon nitride specimen 149-

174 shifted downward during heating to 8000C. It is not known whether

this was a materrial change or possibly a loss in effective area of the

sputtered platimnm. The lower values, after heating, are very close to

those reported by Westphal]' for bulk SisN•.

2.4.4 Dielectric Strength Measurements
The areas of specimens available for these dielectric strength

tests were very limited and the tests had to be made with non-standard

1/16u diameter cylinder end, platinum foil covered, electrodes. Tlae re-

eulta tire an indication of the strength and par icularly the continmity

of the coatings. Values axe listed in Table 7.

In the d-c tests the current was meamired up to the breakdown

level in a nmuber of cases. The current appeared In exploratory tests

tc inc.'eaae steadily up to breakdown, where a discontinuows high level

of current occurred. It was noted at the high temperataras that the

current increased approximately exponentially with the applied voltage.
ApproxImate vAlues for the slope of these lines for siliem nitride are

Q,.) v/ pail rT decade increase In current at 500° avd 7T v/nil per decade

Incres• at 7O00C° The slop, of the current Y'9 voltage curvs for

different spots and different specine svv sIA l.z f'w the a•ns tepevr-

awure but the level differed. 2W slope of the log curxmt vewsus voltage

(w stress curve inereaced vit tqpeatu•e and va greter for the AMI

oiZ bW the c) nitIid,, at. W00 0 , the current reached, oith In-
cr*MiAS ~ ~ ~ ~ ~ ~ ; *G~~,asal e1o b~tbo ~4 (for aboult

oo as Just WUMo to trak*yiMM, We at 70(% a~ . tin



just prior to breakdown. With the aluminum nitride the r table current

prior to breakdown was about 10 times higher than with the silicon

nitride, reaching about 0.2 milliamp at 5000 and 10 w, at 700°C. This

interesting phenomena should be analyzed further with more precise

weasurements.

At high temperature the breakdown mechanism is very certainly

thermal and depends on the electrical conduction level as well as the

heat ta-ansfer rate to the electrodes and environment. In addition, the

exponential increase in current with voltage prior to breakdown is in-

dicative of electric field emission of electrons into the specimen from

the electrodes, which would enhance the corduction.

Table 7

Dielectric Stre•ngth oIT Si.II and ,,w

Specimen Thicknss "aperatux-e XV Breakdown, d-c
_ _OC

146-168 1.3 25 2.9, 3*2, 3.8, 2.6

14 9-174  1.3-1:7 25 2.2, 2.2, 2.4, 2.1

3.46-168 1.3 510 < 0.3, 2.6, o.65. < 0.)

149-174 1.3-1.7 510 log9, 1.1, io6, 2.6

149-174 1.3-1.7 707 1.9, 2.1, 2.9

PHS XV 2!jeakdown 40 cyc le s
3k8-173 0.9 25 3t5, 2.9, > 3.6, >3.s

18-173 0.9 390 1.2, 1.6

LId5-3 5.6-6.4 25 > 6.0, 6.-, > 5.9
U=15-3 5."-.4 508 < o0.,, iO,, L6

-3U5• 5.6-6.4 T02 0.65, 0.72, 0.,6

U -o-1 . 3900. oT3, 0.92

U1 239
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2.4.5 Thermion•- aission in Relation to the Behavior of Insulators
at High Tt. ,erature

The phenomenon of conduction across gas spaces at hiich temper-

atures was qxplored anI discussed at length in the first =nnal report 8

on this project. It was shown that this is undoubtedly due to thermionic

emission, and that the le7els of current could be ccmparable to currents

through solid insulp-ting barriers. This effect was explored somewhat

further to demonstrate that thermionic emission also occurs from insulator

varfaces. The -onsequence of this is that solid insulating barriers are

only partialA or negligibly effective in preventing curTent f low between

conductors separated by a gas space at high temperatures.

Exploratory studies of this effect were carried one step further

by tests with a re. 1tively thick insulating barrier. In these tests a

(0.125") qupztz plate sample was used, (General Electric Type 101). 24ests

of the 4-c conduction current were made with a platinum foil electrode

directly on the sample cn both sides and, also, with a Zap alove tim

sample, between the acoited quartz surface and a Clisc electrode covered

with platinum foil. In the latter case, current necessarily flowed in

eerie through the gas or vasuum gap froa, or to, the, quartz surface ana

then through the quartz. A good guard-shield electrodt prevented fring-

2ing currents. The results are sumnerizad in Fig. 49. With the gap present,

the current is lower but still sigiaificant. With the gap at low pressure

the current was higher than a; atmoupheric pressure. Tt bad a higher

activation energy tha= ccriuction -'aough t.h quartz alore. At M0Cý,

the current with the low pressare gap equaled th&c -e-th the electrode

in contact with the sample,. indicating that the effective resietanoe of

the low pressure gap was negligtble catpared to that o:: the quaurtz at th!s

temperature.
In the lra-sace of -th gap, the currents wtre more fifficult t)

reproduce an peyated tAst- after going te highar or lower tmperatu;re

and retur-ng. r1us tbe drý are gp•iad as a b34d. A pols.rit,, effeca

was observed which has not been exp3%ined. If it is assumed that tM

-current is conducted across tac gap Ly *lectrcns,, the resulta indicate

that the quartz surf& * waa a better emitter at lou pfsosure, but a

pooer, emitzer at atmo&31be!C~ prex e..



ri

Curve 579105-.

104 fT

,6-4 12 11 10 9

Electrodes In Contact /, 0 ,

-06

L o Electrode Space O.2 m., . ,, l\e n

Above Quartz, I Tort

- ih mrture Cond ihl/pi Elect rode Spaced 02in

whndi Above Quartz, 760 Torr

~550 6A 700 150 8OIl 850 900

Fig, 49-High Temperature Conduction Through 0. 122.7: Thick Quanz2
with and without a Gas Gap: 180 V 8-c



The results of these tests demonstrate that a gas gap can be con-

sidered at high temperature as a high resistance conductor with a high

temperature coefficicnt of resistence, COdiuction occurs by therriArie

emission even when solid insulating barriers occur in series with the

gap. The magnitude of the ther•ionic epission current increases with

decreasing pressure ar I increasing voltage. It should be more widely

recognized that this factor is important when d-signi Insulation system

for temperatures aLove 500 0C.

9
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Pyrolytic aluminum nitride has been deposited on the refractory

electrical conductors, molybdenum, tungsten and graphite, using AIC3" NH3

as the source material. The presence of AiN has been confirmed by ele-

mental analysis, x-ray diffraction and infrared spectra. Changes in

properties of deposited films resulting from variations in deposition

parameters were examined. The main deposition variables studied were

temperature, pressure, and rate of deposition. The temperature at which

deposition takes place has a very significant effect on the structure,

composition, electrical properties and hydrolytic stability of the deposit.

The pressure and more especially the rate of deposition affect such pro-

perties as uniformity of coating thici•uess, the occurrence of nodules and

the smoothness of the coating surface. Coatings deposited at 70CPto 800°C

were softer, more susceptible to hydrolysis and had a lower order of
¶0
crystallinity than thcse deposited at 1000to 1350 0 C. The hydrolytic

instability of the low temperature deposits is believed to be due to the

presence of incompletely condensed intermediates still containing hydro-

lyzable chlorine and possibly amino groups. As the deposition temperature

is increased to 1350*C, the deposited material is stable enough to be

heated at 10000 C in ordinary air atmosphere for weeks with no change in

physical structure and very little change in weight. But even at the

highest deposition temperature the product still contains some chlorine

contamination.

It has not been found possible to deposit AIN films under our experi-

mental conditions, at temperatures greater than 135C~to 14000C. At 14000

the deposit consists of relatively large individual beads making only very

small area of contact with the substrate surface. At 150Cfto 1600*C nothing

deposits on the substrate. Tbssibly this failure to deposit at higher

temperatures is related to a phenomenon described by Langmuir3 5 in the depo-

sition of Cd, Hg and Zn films. Languuir showed that there was a critical

temperature above which deposition would not take place at ary set vapor

intensity. He pointed out that the temperature at which condensation

would t6e place could be increased by increasing the source material tem-

perature, that is, by increasing the intensity of vapor striking the substrete
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surface. According to TALanuir a vapor atom has an average life on a
a

surface which it strikes before it evaporates. The average life will

be longer, and condensation more likely, the lcwur the substrate texper-

ature and the greater are the forces which bind the atom to the suastrate.

If the average life of the condensed atom is long enough for a second
atom to condense on it, then the energy required to evaporate either atom

is increased and deposition begins.

"Aluminum nitride deposited on molybde,•um rods and wire coils was

found to offer considerable prctaction to theue subatrates when heated

in air up to 900*C. A Limitation of this process ig the i~iability of

the coating to penetrate deep pits or crevices.

Cuatings of aluminum nitride on molybdenum foil. are quite brittle.

However, they could find use in capacitor construction where sharp bend"

are .ot encountered. They might also be used to insulate preformed coils.

Pyrolysis of gaseous mixture of siane, ammonia and occasionall.

nitrogen has resulted in the deposition ot fi•ms o• e•-Si 9 N4 on molybdenum

subatrates heated to high temperatures. It has been observe I that the

i coat• prepared in this msnner are crystalline, hArd, have high spectral

emissivities and provide some degree of oxidation protection to a molybdenum

substrate. If the films are depos2.ted at low temperature (700-PM00c),

they are observed to have quite differeut characteristics. Prominent among

these ar" a lack of crystallinity, relative softness and instability above

1000C to yield crystalline silicon. At temperatures of -1000C and
reduced pressures the films obtained are found to be adhererm and amorphous

matertals. These coatings, which have been more tboroughly inveszigated

than those deposited at lower or higher temperatures, are hard (>9 on

Mobs' scale) and characteristically yield an infrared spectrum like that

expected from amwphous silicon nitride. The elemental constitution of

meterial synthesised under these conditions, as determined by an alkali

fusion method, is consistent with the desigistion of these filU as silicon

nitride. Silicon nitride prepared in this manner is dense, having an erperi-

mental density of 3.08 &/cc copared to the x-ray density of 3.1S /cc for

or -Si 3N4, and affords oxidation protection to a olybdenum substrate.
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Projection onto a substrate is excellent with deposition occurring rather

uniformly over smooth surfaces, sharp edges and rough sides of moybdenum

substrates.

Consideration of the nature of the reactants and examination of the
solid phase by-product sometimes obtained in the pyrolysis of silene and

amonia allows a mechanism for the reaction to be suggesteA. This mech-

anism postulates that the reaction is initiated by the pyrolysis of silane

to a radical species with propagation and termination proceeding by radical
abstr~act• '- and cominations reopectively.

Continued dielectric tests on aluminum nitride coatinas have in-

dicated scoe preparations which have lower conductrvities than previously

found for this material- levels as low 10 axlO"16 (ohm-sc)"I at 25bC and
3x10"9 at 800°C. However., maný- preparations of tb--l material sbow mach

higher codductivities and the level appesu3 to be not very reproducible
upon heating and cooling.

Silicon nitride coatinos appear to have more stable ant repi-0ucible
dinlectric co rties than er coatings as prehed in this project. Cc -

ductivities of silicon nitride coatings have been made repeatedly close
to I0-16 (ohm-cm)"I at P-5C and about 10-6 at 10000d. It should be a

usable dielectrIc at lower voltages up to that temperatures, D-C di-

electric strengths of Rbout 1300 volts/mil nave been obtained at 7000C,

on SiSN4 coatings. Further investigation of the dielectric vtrenb•h of

silicon nitride coatings for larger areas should be made over wide temper-

ature range&s and for praetical conditions.

Further exploratory tests of conduction across gas spaces at high

temperature by thermionic emission reveal that insulator surfaces also

are emitters and that coiductioa cmcurs across gas spaces in series

with solid insulating barriers, Such thermionic emission conduction

should be considered in designs of future high temperature insulation

systems. A further systemtic investigation of thais phenomenon and the

practical limitaticcL it places on high temperature electrical systems

is recanended.
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%ere an severnl areas in vhich inters ng basic research

propss ame svugesd by this project. Tbese er•am.4  : the study of

tbermionic emission frw insuJltor surfaces and practical typoe of hi
temperature conductors (i.e. with ox.dized surfaces); and in the study

of high electric field conduction at high temperature in solid insuls-

tors up to breakdown stresses.
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